Abstract-A technique has been developed to locally remove, over a distance of several millimeters of fiber length, the cladding layer of single-mode (at the 1300 nm wavelength) optical fibers with 1 pm depth precision by use of mechanical lapping and in situ optical transmission monitoring. A cylinder lap dressed with diamond is used to perform high-pressure mechanical lapping.
I. INTRODUCTION HE concept of using optical fiber with a D-shaped T cross section ("D-fiber") in applications where it is
useful to access the evanescent field of the guided mode has been explored by several authors over the last decade. These works include fiber-to-fiber directional couplers [ 11, [2] , fiber-to-waveguide directional couplers 131, grating reflectors [4] , [51, [71, and optical modulators [SI. More recently, we have found that D-fiber also represents some interesting utility relating to passive coupling between standard circular cross-section optical fiber and planar polymer optical waveguides 191.
Although the idea of using D-fiber to achieve efficient coupling between fiber and waveguides was suggested earlier by Dyott and Schrank [lo] , the viability of applying this concept to not only a coupling techniques, but to a passive coupling technique was shown only recently [9] . This approach consists of utilizing the flat side of the D-shaped cross section to assist the alignment in one transverse direction while integrated alignment ways are provided for the remaining transverse direction. The 0-fiber is fabricated within a standard single-mode optical fiber by use of a cylinder lap applied to a 3 mm long region of the fiber. I a w coupling losses (0.25 dB) have been obtained using this technique to couple multimode Manuscript received March 8, 1994; revised June 15, 1994 . This work was supported in part by the Rome Laboratory Photonics Center. The work of M. H. Cordaro was supported in part by a CNPq-Brasilia/Brazil Fellowship.
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fibers and multimode waveguides [ll] . An important aspect of this work, which utilizes not only D-fiber but also self-aligning ways, is that one can thereby extend this approach to the interconnection of parallel arrays of waveguides with fiber ribbon assemblies important for bit-parallel digital communications. In the present paper, we extend this work to 8 p m core single-mode fiber.
To fabricate single-mode evanescent-field devices from single-mode fibers and to address the much more challenging problem of applying the aforementioned passive coupling technique to single-mode structures, it is necessary to remove the cladding layer to within about 1 p m of the core with accuracy and reproducibility better than _+ 1 pm. It becomes clear therefore that an accurate measurement of the depth of the removed layer is essential in this case. One method to perform this measurement with good precision was described by Digonnet et al. [12] . It consists of monitoring the throughput attenuation occurring for light propagating in the fiber when a drop of refractive-index fluid is placed on the polished surface. Although it allows good accuracy, this method requires that the refractive index of the fluid be controlled precisely. Furthermore it dqes not provide for monitoring the core proximity while the cladding paper layer is in the process of being removed. On the other hand, the main purpose of this paper is to describe an in situ monitoring technique for this task.
11. THEORETICAL ANALYSIS Consider a step-index optical fiber with a core radius a, cladding outside-diameter D , core refractive index n,, and cladding refractive index Itz. Since we use a cylinder lap to fabricate D-fiber, let the fiber be sectioned by a cylinder of radius R and length L, where R and L are both much larger than a and D. The cylinder axis is held perpendicular to the axis of the fiber, which we define as the z-direction. The depth of penetration of the cylinder into the fiber as measured from the point located at 0 / 2 from the optical axis is called h, as depicted in Fig. 1 . Monochromatic light of sufficiently small wavelength (A, in vacuum) so that several modes propagate is launched into the fiber, which has a value of ( n , -n2), much smaller than unity so that all modes propagating within the fiber can be treated as linearly polarized modes [13] , [141. The problem therefore consists of how to evaluate 0733-8724/94$04.00 0 1994 IEEE the power flow carried by the propagating modes as a function of h. We use 633 nm light for monitoring purposes so that four propagating modes exist whereas the optical fiber in actual use for optical communications purposes is operated single mode with 1300 nm light.
Although it is not as complete as an electromagneticwave treatment, applying a geometrical-optics approach to this problem shows relatively simply that there are various cutoff depths associated with the various propagating modes. This in turn leads to the cutoff of various modes at distinct values of the depth h. The surface of intersection between the fiber and the cylinder defines a gradual asymmetrically tapered region along the z-direction. This transforms propagating modes into radiation modes for cylinder penetration depths beyond certain critical values that we relate to the cutoff penetration depth (h,). Geometrical optics gives us it simple way to calculate h,.
It has been shown for slab waveguides [lS] that each mode can be considered as a superposition of two zigzag plane waves confined within the region of higher refractive index due to frustrated total internal reflection at the interface with the medium of lower refractive index, that is, the cladding. Plane waves with angles of incidence at the interface such that the transverse eigenvalue conditions are satisfied are the only stationary modes that propagate along the structure. Therefore, each mode (TM or TE) in a slab waveguide has its own characteristic angle of incidence, which always lies between the critical angle for frustrated total internal reflection (e,, and 90". This upper limit (90") corresponds to the wavevector of the plane wave lying parallel to the z axis. Furthermore, for slab waveguides where the propagating modes are weakly guided ( n , -n2 .e 11, a significant amount of the electromagnetic energy resides >within the cladding layer. To take this characteristic into consideration for the slab-waveguide geometrical-optics model, each mode is considered to possess its own effective width, which is calculated by adding the effective enlargement caused by the GoosHanchen shift [15] - [17] to the physical width of the slab.
We assume that the above geometrical-optics treatment described for a slab waveguide can be applied to a cylindrical step-index optical fiber, which allows the propagation of only a few linearly polarized modes. Therefore, each mode of radial order m and azimuthal order 1 has a particular meridional angle of incidence Olm and a particular effective mode radius aeff, given as follows.
e,, = sin-' ( p,,/kn,)
Here, p,, is the propagation constant for the (Im) mode, x , is the enlargement caused by the Goos-Hanchen shift and k is the wavenumber in vacuum ( k = 2.rr/h). To obtain the enlargement of the radius for each mode as a function of the modal propagation constant, we use the expressions derived for slab waveguides as presented in the literature [lS] . Since n1 is approximately equal to n2, The effects of the cylinder on mode propagation can now be evaluated by examining what happens to the zigzag propagating wave when the cylinder begins to intersect the modal region of radius ueff. As depicted in Fig. 2 , when the cylinder contacts the region at r = aeEf, the angle of reflection at this point becomes O,, -&, where 4l is the angle between the tangential plane to the cylinder surface and the z axis. Following the ray trace after the first reflection, it impinges on the diametrically opposite interface with an angle of incidence elm -2 4 in relation to the normal to the interface. It is clear that the presence of the reflecting surface of the cylinder makes the angle of incidence move toward the critical angle.
We may now define the cutoff angle 4, as the angle that causes e,, -24, to equal OCr.
Since the cutoff angle is known from (4) and mode calculations, the cutoff penetration depth ( h , ) can be obtained through simple geometry from The optical fiber is sectioned by a cylinder with R = 19.85 mm. Since V = 4.75, there are four linearly polarized modes that are allowed to propagate: LP,,,, LP,,, LP21, and LPo2. By using (1)--(5), after /3!m has been found and being aware of e, , = 85.3" for the given core and cladding refractive indexes, the cutoff depth for each mode can be calculated. The results are shown in Table I .
Despite being somewhat simple, the above model shows that the two higher-order modes present cutoff penetration depths that lie inside the cladding layer, which means these two modes are stripped by the cylinder just before it penetrates into the core region. Indeed, if one monitors the optical power propagating in the optical fiber beyond the sectioned region as a function of the penetration depth h, and assumes that each mode carries the same amount of power, one should expect the optical power to drop from its reference value, set at h = 0 pm, down nearly 3 dB when h is greater than 56.5 pm, continuing to decay to around 6 dB when the cylinder penetrates 1.4 p m into the core region. Based upon this analysis, it is fair to conclude that it should be possible to measure with this type of in situ monitoring the position of the cylinder within a range from 1.5 p m away from the core-cladding interface to 1.5 p m into the core region.
One might also consider the case of in situ monitoring using single-mode operation, that is, the 1300 nm wavelength instead of 633 nm. To make this comparison, we assume light propagation in the same optical fiber sectioned by the same cylinder. The cladding layer is made from pure silica such that n2 = 1.4468 and we expect the difference between n1 and n2 is independent of the wavelength. It results that n, = 1.4517 and V = 2.30, which implies that the structure allows only one mode of propagation (LP,, 1. After Po, has been obtained, from (1)-(5), we find that e,, = 85.3", 8,, = 86.7", aeff = 6.4 pm, and h , = 57.1 pm. In terms of output optical power, this result suggests that one should expect a rather strong and featureless attenuation characteristic at h = 57 pm, which still would be 1 p m away from the core. Beyond this value, the attenuation of the output power might be too high to allow accurate monitoring of the cylinder
A. Lapping Technique
Removal of the desired portion of the cladding layer is carried out by means of mechanical lapping with a largediameter cylinder, which forms a groove through the fiber while the axis of the lapping cylinder is held perpendicular to the optical axis of the fiber. The lapping procedure is performed on a modified Philtec Model 2015-C sectioner [19] consisting of a rotating polymer spindle dressed with 3 p m (nominal) diamond particles held in a polymer coating. The fiber is held in a glass holder containing a 132 p m wide slot on one face. The glass holder, in turn, is secured in a clamping chuck. The lapped optical fibers are mounted in the slots with petroleum-distillate black wax (apiezon) which is optically strongly absorbing. The slots are about 55 p m deep. The lapping spindle is 19.85 mm in radius and its rotational speed is maintained at 1625 revolutions/min. Along with the steady rotational motion of the spindle, the chuck is also periodically (sinusoidally) displaced over a maximum range of 2 mm with a period of 3 s along a direction parallel to the axis of the spindle. The pressure between the chuck and the lap is controlled by setting the electric current passing through an electromagnet that presses the chuck against the spindle. Glycerol is used as the lapping coolant.
Two techniques are used to measure the depth of the lapped groove ( h ) after the lapping is completed, that is, a situ methods. One, the arcuic trigonometric method [19] , consists of calculating h from the measured length of the major axis of the ellipse that is figured onto the surface of the fiber. This calculation is possible when the effective radius of the spindle is known and constant while lapping is performed, which may be dependent upon deformation due to the large pressures involved (see below). For these calculations, we assume the undeformed radius. The other is to measure, by optical microscopy, the dimensions of the cross sections of the D-shaped fiber ends after cleaving near the center of the lapped region. Discrepancies between data obtained by these two methods appear to amount to somewhat less than 1 pm, probably limited by the precision of optical microscopy. By measuring lapped depth h versus time under conditions of lapping pressure generally greater than about 1500 lbs/in2, we determined instantaneous lapping rates. For elapsed times of 20 and 1800 s, we found lapping rates of 1.4 f 0.3 pm/s and 0.013 k 0.004 pm/s. It is important to mention that before each lapping procedure the spindle is redressed in the same manner while trying to keep constant the initial value of the thickness of the diamond layer. We also used the same slot on the same glass holder to mount and lap the fibers one at a time. From these lapping rate values it is possible to see the strong reduction of the lapping rate with time, as well as the average time to remove 58 p m of cladding material, which is 15-30 min under these conditions.
To examine how the initial thickness of the diamond layer affects the lapping rate, we performed some consecutive laps without redressing the spindle. We observed that if the area of contact on the spindle was already used in a previous lapping process, the lapping rate can decay to as little as one-half of the value compared to when the spindle is redressed after every lapping procedure. The oscillating movement of the chuck parallel to the axis of the spindle ameliorates nonuniform wear of the diamond layer and contributes to planarity of the lapped interface.
Another important issue in this process is the depth of the slots on the glass holder. If their depth is greater than the diameter of the fiber minus the desired penetration depth, the spindle will reach the glass holder during the latter stages of the lapping process. This, in turn, strongly increases the area of contact, decreasing the pressure and consequently the lapping rate.
The lapping rate decays as lapping proceeds and it also depends on pressure. Although these characteristics are always present when glass is mechanically polished with a viscoelastic lap covered with fine abrasive particles [20] , the present process presents some peculiarities. Since the depth of the slots on the glass holder is nearly equal to the radius of the optical fiber, the area of contact between the cylinder lap and the optical fiber is set by the force due to the electromagnet for groove depths up to nearly 60 pm. Recalling that the diameter of the fiber and the radius of the spindle are 124 p m and 19.85 mm, respectively, and noting that the force set by the electromagnet is around 100 g force, it is possible to estimate that lapping pressures in excess of 1500 lbs/in2 are present during the lapping process, being larger initially and trailing off to smaller values as the area of contact increases. The pressure is estimated from the 100 g force and the ellipsoidal lapping area, which measures 124 p m in width and 3.00 mm in length when h = 58 p m for the finished lapped groove.
The pressure and lapping rate decay because the surface of contact increases as the spindle penetrates further into the fiber as one should expect from the geometry of the problem and the kinetics of polishing glass [19] . Additional reduction of the lapping rate results because the diamond particles are worn and removed from the spindle surface at a rate depending on pressure, relative velocity, the materials of the spindle, and the dressing solution. The latter characteristic makes the lapping rate sensitive to the initial thickness of the diamond dressing layer.
The optical quality of the lapped surface is evaluated by Michelson interferometry with 589 nm light (NaD line). An interferogram of the lapped surface of a single-mode optical fiber is shown in Fig. 3 . The sharpness of the fringes shows that the surface is smooth to within 60 nm (approximately h/10). It is pertinent to point out that this good surface quality was obtained with a nominal diamond particle size of 3 pm. This quality, aside from the particle size, can be explained by the high value of the Young's modulus of the fiber material, which results in shallow penetration of particles into the lapped surface even with pressures as large as 1500 lbs/in2 due to their being suspended in a thick, compliant polymer binder. Finally, due to the high values of lapping pressure and velocity, the lapping mechanism is thought to be predominantly mechanical. Keeping the pressure at about 1500 lbs/in* and with the same relative velocity, but using water as a coolant instead of glycerol, the lapping rate and surface quality are found to be very similar to the results obtained with glycerol. This leads us to believe that possible chemical reactions [201 between coolant and silica do not play a significant role.
In order to reliably achieve k 1 p m precision, we found it necessary to include in situ optical monitoring, which is described in Section 111-B. The need for this kind of monitoring arises due to accuracy and repeatability requirements which must be maintained independently of the way the spindle is dressed, the depth of the slots on the glass holder, variations in the cladding diameter and the core position within the optical fiber itself, that is, eccentricity.
B. In Situ Monitoring Technique
The in situ monitoring technique consists of measuring changes in the throughput attenuation of launched light of a certain wavelength within the optical fiber while the lapping procedure is being carried out. The launched light is selected to excite not only the fundamental mode (LP,,), but also a few higher-order modes as well, that is, LP,,, LPZ1, and LP,,,. As can be seen in the theoretical analysis section, the spindle strips modes at different depths as it removes the cladding layer. Therefore, if the optical power coming out of the fiber during lapping is monitored, it is possible to accurately determine from subtle changes in throughput attenuation the distance between the lapped surface and the core-cladding interface.
The choice of the wavelength of the launched light depends upon certain characteristics of the fiber and the spindle. Excitation of too many modes is not desirable because steps and plateaus in the attenuation characteristic become too indistinct to perceive. It is also important to provide strong optical reflection at the fiber-spindle interface at the chosen wavelength by selecting the appropriate material for the coolant, the dressing solution, and the surface of the spindle. In this work, we found 633 nm light to be convenient for two reasons. One is that only four linearly polarized modes propagate in the optical fiber at this wavelength. The other is that the red-orange colored appearance of the surface of the spindle and the dressing solution we utilized for lapping provides the needed optical reflection.
A schematic diagram of the in situ monitoring setup is depicted in Fig. 4 . A 3 mW He-Ne laser is used as a source of 633 nm light. A graded-index lens adapter is used to couple the collimated laser beam into the singlemode fiber, which has a cutoff wavelength of 1250 nm. The optical power coming out of the other end of the fiber is used for the in situ monitoring. Each lapped fiber section measures approximately 2.0 m in length and the lapped portion is placed near the center of the fiber length. Two laser power meters (Spectra Physics and United Detector Technology) with Si p-i-n photodiodes are used in the experiments. Both instruments are connected to a Macintosh computer by means of a MacLab analog-to-digital (A/D) converter (World Precision Instruments, Inc.), which is used for recording optical power as a function of time. 
C. In Situ Monitoring Results
Fig . 5 shows a typical output power versus time characteristic obtained under the lapping conditions set out in Section III-A. A single-pole low-pass filter (160 mHz cutoff frequency) is used at the A/D input to attenuate spurious signals related to the sinusoidal displacement of the chuck parallel to the axis of the spindle. These signals are found to increase as the spindle comes within a few micrometers of the core as one can infer from Fig. 5 , that is, the increasing vertical width of the trace beyond t = 20 min. This observation can be explained in terms of the sensitivity of the throughput attenuation to the periodically varying intimacy of contact between the fiber and the spindle as the chuck is displaced back and forth over the slight irregularities of the lapping surface of the spindle. By varying the lapping pressure during the lapping process, we find that the throughput attenuation increases significantly as the pressure increases. Therefore, the monitoring and termination of the lapping process are based upon the instantaneous maximum values of attenuation, which are caused by the closest contact between spindle and fiber.
The starting instant in the curve of Fig. 5 is set when the rotating spindle makes contact with the fiber. The output power begins to decay after an elapsed time of 18 min (point A in Fig. 5) . A plateau at -2.7 dB is also noticeable (point B in Fig. 5 ). After this point, the output power decays, presenting a downward concavity under the spindle rotation is turned off at -6.5 dB (point C in Fig.  5 ). The measured lapping depth in this case is h = 59.3 pm. In order to characterize the lapping depths associated with points A, B, and C, lapping is interrupted, stopping the spindle at levels of attenuation of -1, -3, and -6 dB and measuring the groove depth. This procedure shows depths within the range of 54-55 p m for point A, 56-57 p m for point B and 58-60 p m for point C. It is also noticed that when the spindle is stopped at -6.5 dB (point C), as the pressure is released and intimate contact is gradually lost due to capillary forces, the attenuation is reduced from -6 dB to values in the -3--4 dB range (see right-hand side of Fig. 5 ). This result is consistent with measured variations in attenuation with variations in pressure between the chuck and the spindle mentioned above.
The presence of the second plateau around -3 dB in Fig. 5 can be explained as the point where the two higher order modes (LP,, and LP,,) have a large portion of their power lost to radiation modes. This result also suggests that the lengths of the fibers (2 m) are sufficient to provide power evenly distributed among the modes, as one might expect following the model proposed by Gloge m1.
In order to determine the precision and repeatability yielded by in situ monitoring, 23 fibers were individually lapped with termination of the lapping process aimed at an attenuation level of -6 dB. Various slotted glass holders were used and the spindle was variously dressed or not after each lapping. The histogram and the normal probability plot for attenuation registered at the moment of stopping lapping are depicted in Fig. 6 . These graphs show that the monitoring method described above provides an average attenuation of -5.9 dB with a standard deviation of 0.4 dB. The statistical distribution of the data is confirmed to be essentially normal. The histogram and the normal probability plot for the lapped depth h are shown in Fig. 7 where again the distribution is seen to be normal with average lapped depth h = 58.6 p m with a standard deviation of 0.9 pm. Elapsed times varying from 12 to 75 min were observed in this series of experiments.
In Fig. 8 , a photomicrograph (Nomarski contrast) of the cross section of a single-mode D-fiber fabricated using in situ monitoring is shown. For this photomicrograph, white light is launched into the core of the fiber at the distal end. The fiber is cleaved near the center of the 3.0 mm long lapped groove and the cleaved face is polished on 0.5 pm diamond polishing paper to remove the spurs and hackle that usually appear after cleaving due to the unusual geometry and lapping-stress patterns contained within the fibers. The fine lineal scores evident on the polished end face are greatly emphasized by use of Nomarski contrast and in fact are less than 60 nm deep as shown by Michelson interferograms (not shown here). In Fig. 8 , it is possible to examine the proximity between the core and the flat cladding surface and to observe a welldefined D-shaped cross section. In this case, the lapped depth penetrates about 0.6 p m into the 8 p m diameter core, nicely within the desired k 1 p m precision.
IV. SUMMARY AND CONCLUSIONS
A technique has been described to locally remove the cladding layer of single,-mode optical fibers with 1 p m depth precision over a few millimeters of the length of the fiber by use of mechanical lapping with in situ optical monitoring. The process relies on the use of a cylinder lap dressed with diamond to perform high-pressure mechanical lapping. The key new feature of the in situ monitoring technique is the recognition that different higher order propagating modes suffer specific attenuations as the cylinder penetrates into the fiber. The advantages of the technique include relatively rapid overall processing, high lapping rate, good optical surface quality, precision and reproducibility within 1 pm, no requirement for refractive-index matching fluids, and no sensitivity to ordinary variations in fiber diameter and core eccentricity.
A n approximate geometrical-optics analysis was performed to provide qualitative insight. The experimental results are in reasonably good agreement with this analysis, but a fuller electromagnetic mode analysis would be desirable to provide continuous curves of the throughput attenuation as a function of lapped depth. It is important to point out that this kind of monitoring, based upon examination of the higher order mode structure, provides a possible experimental vehicle to study the modal power distribution in optical fibers.
The overall technique is appropriate for use in the fabrication of single-mode D-fiber, which can be used for passive coupling io various planar optical waveguide structures, potentially including such applications as fiber-waveguide optical interconnects (both single-fiber connectors and multiple-fiber connector arrays) and fiber-electronic device interfaces such as those needed for MESFET's and HEMT's [22] . Fig. 8 . Photomicrograph (Nomarski contrast) of a cross section of a single-mode D-fiber fabricated using mechanical cylinder lapping with in situ monitoring to remove 58 p m of cladding layer. White light is launched into the core to show clearly the distance between the core and the flat surface. In this case, the lapped depth penetrates into the core about 0.6 pm.
